Leishmaniasis is an infectious disease caused by Leishmania donovani: there are more than 50000 deaths a year due to the visceral form (VL). 1 However, most drugs have either too great parasitic resistance (pentamidine) or too high cost (liposomal amphotericin B). 2 Thus, there is a real need for new drugs that are resistance-free and less expensive, and can be administered orally.
Focusing on amidoxime substrates, our group has previously described the preparation of monoamidoxime derivatives: an oxidative free-radical mechanism mediated by manganese(III) acetate allowed the cyclization of alkenes with β-keto sulfones 3 bearing a nitrile group to give amidoxime derivatives. The biological assessment of this series highlighted a hit [selectivity index (SI) = 6.37; Figure 1 ], 4 and further pharmacomodulations of the amidoxime derivatives showed that the R 1 aromatic moiety must be linked to the dihydrofuran by a methylene group to retain the antileishmanial activity (Scheme 1). In connection with our program centered on the preparation of new, potentially bioactive compounds, 6 aiming at exploring deeper SARs of the amidoxime series, we needed to synthesize new compounds using various 2-methylallyl derivatives. However, few aromatic 2-methylallyl derivatives are commercially available and very few publications have addressed the synthesis of these particular alkenes. 
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The use of methallyl alcohol (2-methyl-2-propen-1-ol) in cross-coupling reactions is a real challenge, since it is known to be a poor reactive substrate as hydroxy is a poor leaving group. 7h In light of the above, we decided to synthesize a new series of alkenes by employing cross-coupling reactions between 2-methyl-2-propen-1-ol and various organoboronic acids. Cross-coupling reactions between allyl alcohols and organoboronic acids have already been described;
7f-h,8 unfortunately, starting from the previous protocols, using no base 7f-h or catalytic amounts of base in water, 8 we did not obtain the required cross-coupled products. For example, o-methylphenylboronic acid or p-nitrophenylboronic acid did not react with methallyl alcohol in the presence of Pd 2 (dba) 3 ·CHCl 3 /(PhO) 3 P in toluene at 100 °C. Similarly, o-methylphenylboronic acid or p-cyanophenylboronic acid did not react with methallyl alcohol in the presence of Pd(Ph 3 ) 4 in refluxing dioxane or tetrahydrofuran.
7f,h
We hypothesized that the lower cross-coupling reactivity of methallyl alcohol relative to other allyl alcohols and/or the versatility of the substituted boronic acid reactivity are involved.
7f
A new protocol has now been established, allowing the use of a wider range of organoboronic acids. Our prior experience with palladium-catalyzed cross-coupling reactions has facilitated the synthesis of new alkenes.
9
Phenylboronic acid was initially chosen as it is the simplest arylboronic acid, without any substituent that could influence reactivity (Scheme 2). Previous studies on allylic alcohol cross-coupling reactivity have investigated various organic solvents such as toluene, dioxane or dichloromethane. In an elegant study, Manabe and co-workers 8 have also described the first cross-coupling reaction of an allylic alcohol in water. Following their lead, we decided to use water or another environmentally benign solvent.
Scheme 2 Synthesis of (2-methylallyl)benzene (1) Our preliminary investigations had shown that 2-methyl-2-propen-1-ol did not react with substituted boronic acids under classical conditions without the presence of a base. Therefore, the influence of temperature and base needed to be assessed first (Table 1) .
Assays pointed to a need for heating to carry out the cross-coupling reaction (Table 1 , entries 1-4). The outcomes highlighted the need for a strong base for an optimal cross-coupling reaction: the yield was increased twofold by replacing potassium carbonate with cesium carbonate (Table 1, entries 4 and 9). 10 Although the exact role of the base remains unclear, yields of cross-coupling reactions of allylic alcohols in water are supposed to be increased with a catalytic amount of base. 8 Herein, stoichiometric amounts of a strong base were needed, probably because of the low reactivity of methallyl alcohol. Subsequent cross-coupling reactions were conducted with 2 equivalents of cesium carbonate at 140 °C under microwave irradiation for one hour. The catalyst system conditions were then assessed by using various phosphine types of ligand (Table 2) .
Table 2
Assessment of the Influence of the Catalyst System a There was no cross-coupling reaction without a catalyst ( Table 2 , entry 1), which excludes an addition/elimination pathway. 11 Reactions were more efficient when palladium(II) combined with a ligand was used, and bidentate ligands showed a better catalytic activity ( C. Tabélé et al.
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carbon bond formation. Thus, subsequent cross-coupling reactions were conducted with palladium(II) acetate as catalyst and Xantphos as ligand. Atmospheric conditions and solvents were then assessed (Table 3) . Cross-coupling reactions are usually carried out under inert atmosphere because palladium catalysts could be airsensitive.
7b,c Surprisingly, yields were higher for reactions under air atmosphere (Table 3 , entry 1) than under nitrogen atmosphere ( Table 2 , entry 11), which suggests that oxygen in the air could enhance reactivity.
Using methallyl alcohol without any additive solvent provided the best yield (Table 3 , entry 3), and a two-step distillation process under reduced pressure allowed the product to be quickly obtained in good yield. First, 2-methyl-2-propen-1-ol is withdrawn at 80 °C/600 torr and then the cross-coupled product is obtained at 180 °C/600 torr. It should be emphasized that distilled solvent (2-methyl-2-propen-1-ol) can be recycled for at least three cross-coupling assays without any loss of reactivity. Subsequent cross-coupling reactions were therefore carried out under air conditions and with no additive solvent, using 2-methyl-2-propen-1-ol as both reagent and solvent.
As it has been clearly established that the amount of catalyst/ligand significantly affects yields, several assays were carried out to determine the best catalyst/ligand ratio (Table 4 ). The most efficient ratio found was ligand/catalyst 4:1, which provided a greatly improved yield (Table 4 , entry 3). Hence, subsequent cross-coupling reactions were carried out using this ligand/catalyst ratio.
The range of the reaction was explored using various organoboronic acids under the optimal reaction conditions previously established (Table 5) ; as before, purification of the cross-coupled products was carried out by distillation. Yields obtained were quite good to excellent for most products, which makes this process an easy way to provide various alkenes via an efficient palladium-catalyzed crosscoupling reaction. It is worth noting that a similar reactivity was observed for boronic acids substituted with an electron-withdrawing or an electron-donating group.
The outcomes were also indicative of the influence of the substituent position on the reactivity of the boronic acid. Comparing the same moiety, the p-substituted phenylboronic acid showed better reactivity than the respective m-and o-substituted phenylboronic acids. We observed deboronation side reactions for most of the o-substituted boronic acids when the cross-coupling reactions were performed at 140 °C, but these side reactions could be avoided by using milder reaction conditions. Therefore, when mod- 
erate yields were obtained, the reaction conditions were slightly modified (mainly via lower temperature) in order to obtain yields of at least 70%.
The assay carried out with a diboronic acid afforded the dicoupled product 15 in very good yield (77%; Table 5 , entry 14), which suggests the high reactivity of this substrate, as the two boronic moieties reacted with the same amount of catalyst and base as used for the examples with only one boronic moiety.
Surprisingly, a very low yield was observed for product 18 (Table 5 , entry 17). We hypothesize that the hydroxymethyl group of the boronic acid likely interferes with palladium (oxidative addition to palladium) and cesium carbonate (organic salt formation), which results in a strongly decreased yield of the desired cross-coupled product.
Since we observed such low yields for compounds 16-18 (Table 5 , entries 15-17), we implemented a new assay: a solution of cesium carbonate, palladium(II) acetate and Xantphos in 2-methyl-2-propen-1-ol was first allowed to react, then the (hydroxymethyl)phenylboronic acid was added; the yields of alkenes obtained are listed in Table 6 . These very good yields confirm the previous hypothesis: cesium carbonate and palladium(II) acetate interact with the hydroxymethyl group of the boronic acid. Thus, a simple modification of the order of addition of the reagents led to the expected hydroxymethyl-containing products, with a greatly enhanced reactivity. It is worth noting that there is a hindrance effect, as a better yield was obtained with the p-hydroxymethyl substituent than with the m-hydroxymethyl and o-hydroxymethyl derivatives (Table 6) .
In order to explore the scope of our reaction conditions, the reactivity of 2-methyl-3-buten-2-ol and 3-phenyl-2-propen-1-ol were assessed: reactions with p-tolylboronic acid were implemented under microwave heating at 140 °C for 1.5 hours, using alternative allyl alcohols instead of methallyl alcohol. Alkenes 19 and 20, respectively, were obtained in moderate to good yields (Table 7) . These results suggest that this kind of cross-coupling reaction under our reaction conditions could be easily expanded to other allyl alcohols.
Based on our experimental results and previous studies, a mechanism is suggested. First, allyl alcohol activated by coordination of the hydroxy group with the arylboronic acid (A) undergoes oxidative addition to palladium(0) through the allyl bond, to provide a cationic π-allylpalladi- 
Paper Syn thesis um intermediate (A′). Then, this complex undergoes transmetalation to give diorganopalladium complex B.
Reductive elimination finally affords the coupled product C (Scheme 3).
7
In conclusion, we have developed an easy and environmentally friendly way to synthesize 2-methylallyl alkenes via cross-coupling reactions between 2-methyl-2-propen-1-ol and various arylboronic acids. Firstly, this study has shown that no additive solvent is required to carry out this kind of reaction. Moreover, the reaction offers greater atom economy than other classical cross-coupling reactions: the methallyl alcohol used as a solvent can be recycled for further cross-coupling reactions; very low amounts of palladium (0.05 mol%) are sufficient to catalyze the reaction (Table  4 , entry 4), even if 0.5 mol% of palladium is used under the optimized conditions. Secondly, we have shown that this new process exhibits a high functional group tolerance, being reproducible for a wide range of arylboronic acids (such as those with a hydroxymethyl group that constitute a real challenge). These outcomes open up new prospects for the formation of carbon-carbon bonds in general (since the hydroxy group is much less toxic and more accessible than halide groups), and the synthesis of terminal alkenes in particular. Complementary studies to explore this original mechanism are ongoing.
TLC was performed on Merck aluminum plates (5 × 10 cm) coated with silica gel 60 F 254 (0.2-mm layer), using an appropriate solvent. Melting points were determined in capillary tubes using a Büchi B-540 melting point apparatus. . Microwave-assisted Suzuki-Miyaura cross-coupling reactions were performed in a monomode microwave oven (Biotage Initiator microwave oven using 10-20-mL or 2-5-mL sealed vials; temperatures were measured with an IR sensor and reaction times given as hold times). Elemental analysis and mass spectra, run on an API-QqTOF mass spectrometer, were carried out at the Spectropole de la Faculté des Sciences site Saint-Jérôme. All commercial reagents were used without purification. A solution of 2-methyl-2-propen-1-ol (5 mL), a boronic acid (4.1 mmol, 1.2 equiv), Pd(OAc) 2 (3.8 mg, 0.017 mmol, 0.005 equiv), Xantphos (38 mg, 0.068 mmol, 0.02 equiv) and Cs 2 CO 3 (2.3 g, 7 mmol, 2 equiv) was stirred in a sealed vial for 1.5 h at 140 °C, under microwave irradiation. Then, the solid residue was removed by filtration, and the filtrate was purified by distillation to obtain the alkene product.
General Procedure for Reaction Conditions (b)
Conditions (b): sealed reactor, air, MW, 120 °C, 1 h.
A solution of 2-methyl-2-propen-1-ol (5 mL), a boronic acid (4.1 mmol, 1.2 equiv), Pd(OAc) 2 (3.8 mg, 0.017 mmol, 0.005 equiv), Xantphos (38 mg, 0.068 mmol, 0.02 equiv) and Cs 2 CO 3 (2.3 g, 7 mmol, 2 equiv) was stirred in a sealed vial for 1 h at 120 °C, under microwave irradiation. Then, the solid residue was removed by filtration, and the filtrate was purified by distillation to obtain the alkene product.
General Procedure for Reaction Conditions (c)
Conditions (c): air, 100 °C, 12 h.
A solution of 2-methyl-2-propen-1-ol (5 mL), a boronic acid (4.1 mmol, 1.2 equiv), Pd(OAc) 2 (3.8 mg, 0.017 mmol, 0.005 equiv), Xantphos (38 mg, 0.068 mmol, 0.02 equiv) and Cs 2 CO 3 (2.3 g, 7 mmol, 2 equiv) was stirred in a sealed vial for 12 h at 100 °C. Then, the solid residue was removed by filtration, and the filtrate was purified by distillation to obtain the alkene product.
General Procedure for Reaction Conditions (d)
Conditions (d): sealed reactor, air, MW, 140 °C, 1.5 h; 2 steps.
A solution of 2-methyl-2-propen-1-ol (6 mL), Pd(OAc) 2 (7.6 mg, 0.034 mmol, 0.005 equiv), Xantphos (76 mg, 0.136 mmol, 0.02 equiv) and Cs 2 CO 3 (2.3 g, 7 mmol, 1 equiv) was stirred in a sealed vial for 0.5 h at 140 °C, under microwave irradiation. A boronic acid (8.2 mmol, 1.2 equiv) was added to the reaction mixture which was then stirred in a sealed vial for 1 h at 140 °C, under microwave irradiation. Then, the solid residue was removed by filtration, and the filtrate was purified by distillation to obtain the alkene product.
(2-Methylallyl)benzene (1) 14 Obtained from phenylboronic acid (500 mg) using method (a), as a colorless oil; yield: 450 mg (88%); bp 178 °C/760 torr. 
1-Bromo-2-(2-methylallyl)benzene (5)
Obtained from 2-bromophenylboronic acid (823 mg) using method (b) , as a colorless oil; yield: 700 mg (81%); bp 157 °C/760 torr. 
1-Bromo-4-(2-methylallyl)benzene (6)
Obtained from 4-bromophenylboronic acid (823 mg) using method (a), as a colorless oil; yield: 800 mg (92%); bp 158 °C/760 torr. 
1-(2-Methylallyl)-2-nitrobenzene (7)
Obtained from 2-nitrophenylboronic acid (684 mg) using method (c), as an orange oil; yield: 670 mg (92%); bp 171 °C/760 torr. 
1-(2-Methylallyl)-3-nitrobenzene (8)
Obtained from 3-nitrophenylboronic acid (684 mg) using method (a), as a yellow oil; yield: 550 mg (76%); bp 144 °C/760 torr. 
1-(2-Methylallyl)-4-nitrobenzene (9)
Obtained from 4-nitrophenylboronic acid (684 mg) using method (a), as an orange oil; yield: 500 mg (70%); bp 170 °C/760 torr. 
4-(2-Methylallyl)-1,1′-biphenyl (10)

15
Obtained from 1,1′-biphenyl-4-ylboronic acid (812 mg) using method (a), as a colorless oil; yield: 800 mg (94%); bp 225 °C/760 torr. 
2-(2-Methylallyl)benzonitrile (11)
Obtained from 2-cyanophenylboronic acid (602 mg) using method (c), as a light yellow oil; yield: 440 mg (68%); bp 160 °C/760 torr. 
3-(2-Methylallyl)benzonitrile (12)
Obtained from 3-cyanophenylboronic acid (602 mg) using method (a), as a light yellow oil; yield: 550 mg (85%); bp 152 °C/760 torr. 
4-(2-Methylallyl)benzonitrile (13)
7c
Obtained from 4-cyanophenylboronic acid (602 mg) using method (a), as a colorless oil; yield: 612 mg (95%); bp 181 °C/760 torr. 
